Neurodegenerative diseases such as Alzheimer′s and Parkinson′s are associated with protein 18 misfolding and aggregation. Recent studies suggest that the small, rare and heterogeneous 19 oligomeric species, formed early on in the aggregation process, may be a source of 20 cytotoxicity. Thioflavin T (ThT) is currently the gold-standard fluorescent probe for the study 21 of amyloid proteins and aggregation processes. However, the poor photophysical and binding
Introduction

32
The study of protein misfolding and aggregation is crucial for understanding the molecular 
36
1A) 1 . Several recent studies have suggested that the small soluble oligomeric intermediates, 37 2 which arise during the fibril formation process, are strongly implicated in cytotoxicity and 38 ultimately neuronal cell death 2 . These potentially toxic oligomers are highly heterogeneous in 39 their size and structure, and are rare in abundance (<1%) relative to the monomeric protein 3 .
40
This renders them challenging to identify and characterize with ensemble biophysical 41 techniques, thus there is currently a lack of suitable tools and methods to study these 42 potentially pathogenic oligomeric species and their formation processes.
44
The availability of improved optical probes that allow single-aggregate visualization may 45 provide a potential solution to this problem. One of the main tools for studying amyloid fibril 46 formation is Thioflavin T (ThT), a benzothiazole salt and molecular-rotor dye 4 , which has been 47 used extensively as the 'gold-standard' in the aggregation field due to its amyloid-binding 48 properties [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Upon binding to β-sheet-rich structures, the fluorescence intensity of ThT 49 increases by several orders of magnitude, making it a sensitive and efficient reporter of 
59
To address this, we have designed a novel ThT derivative, ThX, that outperforms ThT in its 60 binding and optical characteristics but still retains the fluorescence enhancement attained 61 upon binding to β-sheet containing species. To achieve this, we increased electron density on 62 the benzothiazole core ring by exchanging the appended methyl group for the corresponding 63 methoxy moiety, and we embedded the dimethyl amino moiety within a pyrrolidine in order to 64 restrict rotation around the C(sp 3 )-N σ-bonds ( Fig. 1A) . This resulted in a more electron-rich, 65 more conformationally restricted benzothiazole salt with increased lipophilicity. These 
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ThT is believed to bind transiently along the side chain channels that make up the β-sheet 84 architecture of amyloids 21 during which it is conformationally restricted (Fig. 1A ).
85
Consequently, binding induces a large increase in ΦFl. ThX also demonstrated a characteristic increase in ΦFl upon binding to αSyn aggregates in a 88 similar manner to ThT, as a result of reduced C-C bond torsion (Fig. 1C, D, Fig. S1 ThX, a >700% improvement in αSyn affinity (Fig. 2Ai) . This significantly increased binding 96 affinity was mirrored at the single aggregate level and allowed ThX SAVE imaging at 3 orders 97 of magnitude lower concentration compared to ThT, with ThX clearly obtaining high quality 98 images of αSyn aggregates at concentrations as low as 500 pM (Fig. 2Aii, Fig. S2 ). 
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Next, we explored whether ThX can be used to monitor the process of amyloid formation 101 through protein aggregation. First, using ThT and ThX, bulk kinetic measurements of 102 recombinant αSyn protein aggregations were performed in parallel. The formation of αSyn 103 fibrils followed the expected sigmoidal growth curves, consistent with multiple previous 104 studies 12,14,22 (Fig. 2Bi) . A clear signal with an intensity of 5% above the baseline signal, was 105 reached at 26.3 ± 1.4 hours for ThX and 34.1 ± 0.8 hours for ThT (Fig. S3 ). These data 106 indicated that ThX was able to detect aggregate formation at significantly earlier times than 107 ThT in the bulk. This was further confirmed at the single aggregate level with ThX detecting 108 7.5-fold more species than ThT 10 hours into the aggregation (Fig. 2Bii ). The differences were 109 not caused by different abilities of ThX and ThT to inhibit the aggregation process (Fig. S4) .
110
In addition, ThX a generic probe and also outperforms ThT in its detection capabilities with 111 other amyloid proteins such as amyloid-β peptide (Aβ1-42) and P301S tau at both the bulk ( 
135
3A) ThX could observe large numbers of both modulating (>0.5, β-sheet 'ordered') and non-136 modulating (<0.5, β-sheet 'disordered') distributions (Fig. 3Bii ). This disordered aggregate 137 population was not detected when using ThT alone (Fig. 3Bi ). Photon-fluence matched 138 experiments confirmed that both species (albeit fewer in number) could be observed with ThX 139 but not ThT (Fig. S9 ) and that this was not just a product of the increased affinity. Furthermore, 140 the degree of modulation was not correlated to the fluorescence intensity ( Fig. 3Ci-ii, Fig S10) .
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This may suggest that the number of binding sites remains unchanged during the structural 142 rearrangement of the aggregates, and that the ability of ThX to detect different species is not 143 just a result of the increased brightness of8ThX. In combination, these data support the notion 144 that ThX is able to detect a structurally distinct oligomeric species. We expect that the 145 capabilities of this new probe will be of broad interest to the aggregation community. 
